Background Anteversion of an acetabular component often is difficult to ascertain in patients with THA in whom excessively anteverted or retroverted femurs may result in limited ROM or risk of dislocation. Restriction of motion, however, is determined by the combination of version of both components. Questions/purposes We therefore determined the combined anteversion values that provide adequate ROM. We varied acetabular version by differing implantations and varied femoral version with modular necks. Methods ROM was tested by changing cup anteversion after setting the femoral version to 20°or 60°anteversion or 20°retroversion. The angle of the modular neck was adjusted in 11 increments of 5°each. Range of internal rotation (IR) at 90°flexion, external rotation (ER) at 0°e xtension, and flexion (Flex) were measured when any impingement occurred before dislocation. We defined a required ROM as having 40°IR, 30°ER, and 110°Flex.
Introduction
Dislocation is one of the most frequent complications after THA with an incidence of 0.6% to 11% in the early postoperative period [10, 30, 32] . Factors affecting dislocation include patient characteristics, variations in surgical techniques such as placement of the implant and soft tissue repair [24] , and the implant design, including the head/neck ratio [1, 18, 22] . Of these factors, between 13% and 30% of dislocations reportedly are caused by implant malpositioning [6, 11] .
One study suggests optimal placement of the acetabular component is 45°± 10°abduction and 20°± 10°anteversion [3] . Lewinnek et al. also reported a similar safe zone of 45°± 10°abduction and 15°± 10°anteversion; the frequency of dislocation increased substantially when the implant position was outside this zone [16] . In one study, approximately 15°anteversion for the femoral component is recommended [11] .
Several authors suggest combined anteversion (CA), which is the sum of anteversion of the femoral and Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. acetabular components, should be considered when implanting hip components [15, 25] . Jolles et al. reported the dislocation risk was 6.9 times greater if CA fell outside the range of 40°to 60° [15] . A CA ranging from 20°to 30°f or males and approximately 45°for females was recommended in another study [25] . However, these studies did not consider the CA in patients with abnormal femoral versions. Femoral anteversion is increased in developmental dysplasia of the hip to a range of 35°to 60° [2, 13, 29] , whereas anteversion typically is decreased in patients with osteoarthritis resulting from slipped capital femoral epiphysis or Legg-Calvé-Perthes' disease [8, 9] .
When the acetabular component is placed at 20°anteversion, the risk of anterior dislocation increases with excessive anteversion, whereas the risk of posterior dislocation is increased in those with retroversion [17] . It is critical to carefully adjust anteversion of the acetabular or femoral components; however, there are limitations to the degree of adjustment possible using the nonmodular components because these must fit bone and be covered by surrounding bone.
We therefore (1) determined the CA values that would satisfy the required ROM in normally and excessively anteverted or retroverted femurs, and (2) assessed the improvements in ROM using modular necks in cases where sufficient ROM otherwise could not be achieved.
Materials and Methods
We developed a THA model based on that described by Amstutz et al. [1] (Fig. 1A) . The femur was placed in the valgus position, 7°against the functional axis, whereas the center of the femoral head was set at the rotation center. The pelvis was fixed so that the plane formed by the anterior-superior iliac spine and pubic symphysis was perpendicular to the ground and parallel to the frame of the THA model. A cementless THA (JMM, Osaka, Japan) was inserted into a femoral model (Sawbones, Vashon, WA) using a standard technique. The apparatus had a built-in goniometer to measure ROM (Fig. 1B) . This apparatus provided a precision of ± 1°in each measurement. In all cases, a femoral head with a diameter of 28 mm and a neck length of +3 mm were used. Springs were placed at the femoral installation site with a force of 20 N to keep the acetabular and femoral components engaged. The model could be moved in six dimensions (flexion, extension, abduction, adduction, internal rotation, and external rotation).
To compare the ROM of a normally anteverted femur with those of femurs with unusual anteversion, we tested three femoral anteversion values (described subsequently). To examine the effects of modular necks on insufficient ROM, modular necks ranging from 25°anteversion to 25°r etroversion also were tested. Three different femoral component anteversion values were used in this study: normal anteversion of 20°, excessive anteversion of 60°, and 20°retroversion (Fig. 2) . These anteversion values were measured against the posterior condylar line of the knee. Anteversion of the acetabular component was adjusted among six positions: 35°, 30°, 20°, 10°, 0°, and À10°. Accordingly, CA ranged between 95°and À30°. Anteversion of the acetabular component was the radiographic anteversion in this study. A 52-mm acetabular component was fixed at 45°abduction.
ROM was recorded at the point when any impingement occurred before dislocation. Impingement was defined as the visual contact between the femoral component or bone and acetabular component or bone in this study. In addition, we recorded the site where impingement occurred. We determined three ROMs: (1) internal rotation at 90°fl exion and 0°abduction (IR); (2) external rotation at 0°F
ig. 1A-B (A) The THA model, which can be moved in six dimensions (flexion, extension, abduction, adduction, internal rotation, and external rotation), allows observation of bone-bone impingement and implant impingement. (B) A goniometer was set to this apparatus with the precision of ± 1°in each measurement. In all measurements, a femoral head with a 28-mm diameter and +3 mm neck length was used. Springs were placed at the femoral installation site with a force of 20 N to keep the acetabular and femoral components attached. A 52-mm acetabular component was fixed at 45°abduction. Modular Necks Improve ROM in THA 3343 extension and abduction (ER); and (3) flexion at 0°a dduction and abduction (Flex). All the measurements were performed three times; the average was used as the ROM. As a reference, we also defined a required ROM as the range of hip motion required for activities of daily living [21, 28, 31] . The required ROM was considered satisfied with values greater than 110°Flex, 40°IR, and 30°ER.
The version of the modular neck was varied from 25°a nteversion to 25°retroversion in 11 increments of 5°each (Fig. 3) . The cup was fixed at 20°anteversion when a modular neck was used. The ROM was determined by changing the angle in six increments from 0°to 25°retroversion for cases with 60°femoral anteversion and from 0°to 25°anteversion for cases with 20°femoral retroversion.
Results
In the case with 20°femoral anteversion, CA ranging from 30°to 50°satisfied the required ROM without using the modular necks (Fig. 4A) . In contrast, the required ROM was not achieved in the cases with 60°femoral anteversion or 20°femoral retroversion ( Fig. 4B-C) . At 60°femoral anteversion, ER was less than 10°even when the acetabular component was set at 10°retroversion, because the impingement occurred between the posterior acetabulum and the greater trochanter. Flex and IR reached the required ROM with minimum anteversion of the acetabular component (10°retroversion, 50°CA). At 20°femoral retroversion, impingement occurred between the anterior acetabular and femoral component with 101°flexion and 12°IR of the hip when acetabular component anteversion was set at 20°. The Flex and IR achieved were 109°and 31°, respectively, with maximum anteversion of the acetabular component (35°anteversion, 15°CA). ER was within the required ROM under all conditions. Retroverted modular necks improved ROM when femoral anteversion was 60° (Fig. 5A) . The effects were angledependent and the posterior impingement was delayed. ROM eventually reached 30°when a modular neck with 25°was used with acetabular components anteversion of 20°. Flex and IR were within the required ROM for all modular necks. Anteverted modular necks delayed anterior impingement and improved ROM with 20°femoral retroversion ( Fig. 5B ). Flex improved to 115°and 124°with 20°and 25°anteverted modular necks, respectively. IR Fig. 3 The version of the modular neck was varied from 25°a nteversion to 25°retroversion in 11 increments of 5°. A = anterior; P = posterior. also improved by 34°and 40°, respectively. ER was within the required ROM for all modular necks.
Discussion
Anteversion of the acetabular component is often difficult to determine in cases with excessively anteverted or retroverted femurs that may result in limited ROM after THA.
In this study, we determined the CA values that would satisfy the required ROM in normally and excessively anteverted or retroverted femurs and assessed improvements in ROM using modular necks in cases in which sufficient ROM could not be achieved.
This study had several limitations. First, the THA model we used did not have surrounding soft tissue such as muscles and the joint capsule. They provide substantial contributions to ROM when impingement occurs; however, it is difficult to emulate these effects in an experimental THA model, and therefore we focused on the effect of component positioning on ROM. Second, our data were derived from a limited number of anteversion settings of the acetabular and femoral components. A three-dimensional simulation study may provide the additional advantage with more design parameters. However, these advantages are based on the reliable software that makes it possible to measure not only the ROM, but also impingement point with modular necks. As far as we know, this kind of software is not commercially available; therefore, we performed an experimental study using a THA model. Third, the measured ROM in this study was the range until impingement, not until dislocation. We did not assess the effects of jumping distance of the femoral heads [18] . The jumping distance is determined mainly by the head size. Therefore, the ROM values we found were somewhat smaller than the range of hip motion required for daily living as defined in previous studies [5, 14, 21, 28, 31] .
CA ranging from 30°to 50°satisfied the required ROM without requiring modular necks for 20°femoral anteversion. These observations with normal anteversion were similar to the results of previous studies. Recommended CA values range from 30°to 60° [19, 31] . In contrast, at 60°femoral anteversion, changing anteversion of the acetabular component did not achieve the required ROM. The posterior greater trochanter is located close to the ischium in these cases; thus, the frequency of anterior dislocation reportedly was greater in these cases [26] . The impingement between the posterior neck and liner was observed when the acetabular component was set at 35°anteversion. It changed to posterior bone to bone impingement when the acetabular component was set in a posterior direction. However, ER was always less than 20°even when the acetabular component was set at 10°retroversion in this study. The required ROM also was not achieved with 20°f emoral retroversion. Because the greater trochanter is located close to the anterior acetabulum in these cases, flexion and internal rotation resulted in early impingement and posterior dislocation using standard cementless femoral components [17] . IR and flexion were less than 10°and 100°, respectively, with anteversion of the acetabular component less than 20°owing to the implant impingement. Even when the acetabular component was set at 35°a nteversion, IR and flexion did not achieve the ROM because of bony impingement. Several studies have addressed the situation with unusual femoral anteversion [25, 31] . Decreasing anteversion of the acetabular component in cases with excessive Modular Necks Improve ROM in THA 3345 anteversion has been attempted; however, that failed to result in the required ROM as shown in our study. In these cases, therefore, altering the femoral anteversion was believed to be effective for achieving the required ROM. This procedure included reducing femoral anteversion using an undersized cement stem [7, 20] , using a cementless stem in combination with femoral osteotomy [12, 23, 33] , and using a modular prosthesis in which the femoral version could be changed voluntarily. Altering femoral anteversion also changes the dynamic environment of the hip. Some concerns may arise regarding the effect of altered surrounding muscles on hip function. However, previous studies showed these adjustments of femoral versions usually resulted in improved hip function, including gait and ROM [4, 27] . We found the greater the extent to which modular necks achieved normal femoral anteversion, the better the ROM in cases with excessively anteverted and retroverted femurs. This type of femoral component could allow us to adjust femoral anteversion without any additional procedures such as femoral osteotomy and would be suitable for cases with unusual femoral versions. The required ROM could not be achieved only by changing the version of acetabular components in cases with excessive anteversion or retroversion. The adjustment of femoral version using modular necks allows for additional improvement of ROM.
